abbreviatioNS CI = confidence interval; EBL = estimated blood loss; GRADE = Grades of Recommendation, Assessment, Development, and Evaluation; LOS = length of stay; MIS = minimally invasive surgery; ODI = Oswestry Disability Index; OR = operating room; PLIF = posterior lumbar interbody fusion; RCT = randomized controlled trial; RR = risk ratio; SSI = surgical site infection; TLIF = transforaminal lumbar interbody fusion; VAS = visual analog scale. . The meta-analysis revealed changes in the perioperative outcomes of mean estimated blood loss, time to ambulation, and length of stay favoring an MIS approach by 260 ml (p < 0.00001), 3.5 days (p = 0.0006), and 2.9 days (p < 0.00001), respectively. Operative time was not significantly different between the surgical techniques (p = 0.78). There was no significant difference in surgical adverse events (p = 0.97), but MIS cases were significantly less likely to experience medical adverse events (risk ratio The quality of the current comparative evidence is low to very low, with significant inherent bias.
L umbar spinal fusion is widely accepted as a method of treatment of many spinal conditions, including those of a degenerative nature. 2 While demands for spinal fusion procedures have increased as a result of the rising percentage of adults over the age of 65, 26 the morbidity associated with open fusion procedures, including substantial blood loss, 5 increased complication rates, 4 and longer hospital stays, 50 may expose this patient population to undesirable levels of surgical risk.
Minimally invasive surgical techniques are increasingly being applied to the field of spine surgery after demonstrating improved clinical outcomes and decreased perioperative morbidity in the fields of general surgery, gynecology, and urology. 12, 33, 51 Minimally invasive lumbar fusion has also been shown to be safe and effective in treating lumbar pathology in elderly patients. 8 However, issues relating to a significant learning curve associated with minimally invasive lumbar fusion have arisen, including increased operative times and higher complication rates, [22] [23] [24] 38, 43, 46 and concerns persist regarding inadequate neural element decompression during minimally invasive lumbar fusion, resulting in persistent symptoms and a need for reoperation. 24 Multiple recent reports have examined the clinical outcomes of and complications associated with minimally invasive surgery (MIS) versus open posterior lumbar fusion. 11, 19, 20, 27, 36, 60 However, these investigations have involved qualitative reviews or meta-analyses of primarily noncomparative cohorts or analyses of national database records, 27 the results of which are subject to multiple sources of bias. Thus, the true outcomes and complication rates of open versus minimally invasive transforaminal or posterior lumbar interbody fusion (TLIF/PLIF) remain unknown.
The primary objective of this systematic review and meta-analysis, therefore, is to describe the perioperative process measures and complication rates associated with open versus minimally invasive TLIF/PLIF. Secondarily, we intend to quantitatively summarize data pertaining to patient-reported outcomes, fusion, and reoperation rates in cohorts of patients undergoing open versus minimally invasive posterior lumbar fusion for degenerative disorders. We hypothesize that the current evidence will suggest equivalent clinical outcomes and no differences in adverse event rates between open and MIS cohorts.
methods

Systematic review and data collection
Guidelines proposed by the Meta-analysis of Observational Studies in Epidemiology (MOOSE) Group 49 and the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement 30 were consulted prior to undertaking our systematic review. The exact methods used during our literature search have been described elsewhere. 15 Briefly, our research coordinator with training in systematic reviews performed an electronic search of Medline, EMBASE, Web of Science, and Cochrane databases from database inception to May 2012 using deri vatives of the following Medical Subject Headings (MeSH): "minimally invasive"/"minimal access" and "lumbar spine"/"lumbar vertebrae" or "fusion"/"surgical procedures." Only English-language citations were included. Potential articles were imported into the online reference management program RefWorks (RefWorks-COS, ProQuest, LLC), and duplicate citations were removed.
Study titles, abstracts, and full-text articles were then screened by 2 independent reviewers (C.L.G. and K.M.). Included citations were randomized controlled trials (RCTs) or cohort studies comparing posterior open and minimally invasive fusion for degenerative lumbar pathology in at least 10 patients per study arm and reporting at least 1 of the following types of outcomes: 1) clinical, 2) process measure, 3) radiographic, or 4) complications. Both reviewers also performed an independent PubMed search using the phrase "minimally invasive spine surgery" and a manual search of reference lists of included articles to ensure relevant studies were not missed by the electronic literature search. The senior author (Y.R.R.) was involved in decisions regarding study eligibility in cases of disagreement.
The study reviewers then used a custom data extraction form to extract relevant study data in duplicate. Data elements extracted included methodology data to confirm study eligibility, study design, patient demographics, performed interventions, outcomes of interest, statistical methods, and study results. One reviewer (K.M.) then entered extracted data into a spreadsheet (Microsoft Excel 1997-2004, Microsoft Corp.) with accuracy of data entry confirmed by the second reviewer (C.L.G.).
rating of Study Quality
The methodological quality of the included studies was then independently assessed by 2 reviewers (C.L.G. and Y.R.R.) according to the Grades of Recommendation, Assessment, Development, and Evaluation (GRADE) protocol. 3 Information pertaining to study design, study limitations, consistency of results, directness of evidence, and study precision was extracted from each paper, and based on this information, the overall quality of each study was rated as high, moderate, low, or very low. In cases of disagreement, the 2 reviewers arrived at the final GRADE rating through discussion.
comparison of miS and open cohorts
Mean values for age, sex (% male), number of surgical levels, and preoperative diagnoses were calculated for those studies reporting on patient demographics. Betweengroup comparisons were performed using a 2-sample t-test for continuous variables, a 2-proportion z-test for number of surgical levels, and a chi-square test of independence for preoperative diagnosis. A p value < 0.05 was considered statistically significant.
meta-analysis of clinical outcomes
Study heterogeneity was assessed using the Q test, the I 2 statistic, and the t 2 statistic. If the calculated Q was less than a critical value found in a chi-square table, we accepted the hypothesis that all studies have the same "true" effect size (i.e., there is a lack of heterogeneity). 31 The I 2 statistic represents the proportion of the variabil-ity in the results due to true study heterogeneity versus chance and is interpreted as the heterogeneity being absent (I 2 = 0-25%), low (I 2 = 25.1%-50%), moderate (I 2 = 50.1%-75%) or high (I 2 = 75.1%-100%). 17 The t 2 statistic is an estimate of between-study variance in which a value greater than 1 suggests the presence of substantial heterogeneity between studies. 31 For continuous variables, a pooled estimate of treatment effect was calculated as the mean difference and 95% confidence interval (CI) between outcomes in the MIS and open cohorts using an inverse-variance weighting method with a random effects model. For comparison of the results of dichotomous variables (i.e., complications), a risk ratio (RR) and 95% CI were calculated using a Mantel-Haenszel method with a random effects model. The random effects model, as opposed to a fixed-effects model, provides a more conservative estimate of treatment effect. 7 This statistical approach was believed to be appropriate given the presumed heterogeneity between the trials. The program Review Manager 5.1 (The Nordic Cochrane Centre, The Cochrane Collaboration) was used to calculate the individual and pooled statistics. Forest plots were constructed to graphically display the results of the individual studies and pooled estimates of effect.
results
Search results
Our electronic database search yielded 4350 studies, of which 2824 were excluded as duplicates. A further 1775 studies were identified in the PubMed search. After review of titles, abstracts, and full-text articles, 3277 studies were excluded based on our aforementioned inclusion criteria. Manual searching of reference lists found 5 publications not previously included, although this resulted in the exclusion of 3 studies reporting on a duplicate cohort of patients. Thus, 26 citations remained for study inclusion (Fig. 1 ).
characteristics and Quality of included Studies
Of these 26 studies, only 1 prospective RCT was identified. 55 The remainder were prospective (n = 11) (Fig. 2) . With the exception of the single prospective RCT by Wang et al. 58 that was rated initially as high quality, all of the studies started with a quality rating of low according to the GRADE protocol. Methodological flaws resulting in downgrading of study quality were identified in all the included studies. Due to failure to report on the consecutive or nonconsecutive nature of patient enrollment, blinding, allocation concealment, and the nature of the data analysis (i.e., intention to treat vs as treated), the single prospective RCT was given a quality rating of low. 58 Two of the prospective cohort studies retained their low quality rating 27, 57 while the 9 others were downgraded to very low quality. 
patient demographics
The MIS and open cohorts in the 26 studies enrolled 856 and 806 patients, respectively. No statistically significant difference was identified between the open and MIS cohorts with respect to mean age, sex, and number of levels fused (Table 2) . Similarly, when analyzed in aggregate, there was no significant difference between the cohorts with respect to the proportion of patients in each diagnostic category, although significant diagnostic heterogeneity was observed in more than half of the studies (Table  1) . 2, 8, 9, 22, 25, 29, 35, 37, 42, 43, 47, [54] [55] [56] 58, 59 * Units for variables in these columns: OR time (min), EBL (ml), LOS (days), XR (sec). † Reported value is the median (unless otherwise specified value represents mean). ‡ Represents outcome at 3 months (unless otherwise specified reported value is at final follow-up). In-hospital recovery was also positively impacted by a minimally invasive surgical approach. In the 4 studies examining postoperative time to ambulation, patients undergoing an MIS procedure were able to ambulate an average of 3. However, a small but statistically significant difference in change in Oswestry Disability Index (ODI) scores favoring MIS surgery was identified, with patients in the experimental cohort demonstrating a 3.32-point larger improvement in ODI scores at final follow-up (95% CI 1.33-5.32, p = 0.001; median follow-up 24 months).
complication rates
All but 2 of the 26 included studies reported complication rates as a study outcome, 37, 42 although the types of complications reported in the 24 studies were variable. No significant difference was identified between the cohorts with respect to rates of intraoperative dural tear (Fig. 3A) , superficial or deep infections (Fig. 3B) , or surgical complications (including graft or screw malposition, neurological 
discussion
The first description of minimally invasive TLIF/PLIF appeared in the literature in 2003, 10 and since that time use of the technique has been gaining popularity. However, concerns remain regarding increased operative times and complication rates and poorer clinical outcomes associated with the learning curve of this technically demanding procedure. Although in our systematic review of comparative studies of open versus minimally invasive TLIF/PLIF for degenerative conditions we were unable to specifically examine these outcomes as they relate to surgeon experience and the surgical learning curve per se, more than a decade after Foley et al.'s initial report of their experience, 10 a meta-analysis of the existing literature reveals minimally invasive TLIF/PLIF to be at least as effective as open surgery in terms of patient-reported clinical outcome, with no increase in operative times or surgical complications. Furthermore, patients undergoing minimally invasive fusion lose less blood than their open counterparts and are at significantly lower risk of experiencing a medical complication.
In 2009, Parker et al. 36 conducted a systematic review of Medline regarding infection in open versus minimally invasive lumbar fusion. In contract to the results of our study, their examination of surgical site infections (SSIs) in 10 MIS cohorts and 20 open TLIF cohorts with 1133 patients found a significantly lower incidence of the rate of SSI in minimally invasive TLIF compared with open cohorts (0.6% vs 4.0%, respectively; p = 0.005). Although the quality of the included studies was not assessed, the authors acknowledged the limitations of their meta-analysis of noncomparative Level IV studies, which likely explains the differences between their findings and those of our investigation, which included only comparative studies.
A similar study was conducted in 2010 to determine differences in fusion and complication rates between MIS and open TLIF. 60 A systematic review of Medline identified 23 noncomparative studies enrolling 1028 patients and reporting on radiographic fusion rates. Again, the methodological quality of the included studies was not examined, but all were classified as Level III evidence. Similar to our study, no difference in fusion rates between the cohorts In a retrospective review of Premier Perspective Database hospital discharge and billing records, McGirt et al. 27 used ICD-9-CM codes to identify 5170 patients undergoing posterior lumbar or lumbosacral fusion using a minimally invasive pedicle screw system. The diagnosis of infection was made, again using ICD-9-CM codes for postoperative infection or administration of parenteral antibiotics. No significant difference in SSI rates for 1-level fusions (MIS 4.5% vs 4.8%; p = 0.77) was found, although significantly fewer SSIs occurred in patients undergoing 2-level MIS fusions compared with open fusions (4.6% vs 7.0%, respectively; p = 0.037). Although this is the largest examination of infection rates in open versus minimally invasive lumbar fusion, interpretation of the results of this study is limited by the use of ICD-9-CM codes to both identify patients and diagnose infection.
Karikari et al. 20 also performed a systematic review of Medline in 2010, but in contrast to Wu et al., 60 the authors were interested in operative times, complication rates, and patient-reported outcomes, and included both comparative and noncomparative studies. In the 7 comparative and 8 noncomparative studies included, VAS and ODI scores were found to increase in both cohorts, from 62% to 87.7% in MIS patients and 56.1% to 77% in open patients, with no significant difference in surgical time observed. Furthermore, complication rates ranged from 0% to 33.3% for minimally invasive TLIF compared with 1.6%-16.7% in the open TLIF/PLIF studies, although a meta-analysis of these results was not performed.
Most recently, Fourney et al. 11 conducted a comprehensive systematic review of Medline, EMBASE, and the Cochrane Collaboration and reported a qualitative summary of blood loss, operating time, and complication rates in open versus minimally invasive spine surgery for lumbar discectomy, decompression, and instrumented fusion. In the 3 studies comparing operative time for MIS versus open fusion, 2 supported shorter operative times in MIS surgery 35, 43 while the third suggested faster OR times in MIS fusion. 38 As with our investigation, all 3 studies showed lower blood loss in the MIS fusion versus open fusion cohorts. Complications, including dural tears, nerve injury, and infections, appeared somewhat higher in the MIS versus open cohorts (1.9% vs 0%, 2.5% vs 1.2%, and 1.8% vs 0.9%, respectively), but no statistical comparison of the results was performed. The authors concluded that operative time, complication rates, and reoperation rates were similar, but they acknowledged that significant bias in patient selection may have contributed to their findings. Finally, the quality of studies was evaluated using the Journal of Bone and Joint Surgery criteria for assessment of methodological quality, with the strength of the evidence qualified as low. As a result, the authors concluded that further research would be likely to either change their observed results or their confidence in the results. Although the current report exhibits a number of strengths compared with prior investigations, including its examination of the methodological quality of the included studies and inclusion of only comparative studies and meta-analysis of results pertaining to perioperative process measures, patient-reported outcomes, and complication rates, our study is still subject to several limitations. Regarding the quality of the included reports, all of the studies identified in our systematic review were given GRADE ratings of low or very low quality. One of the primary shortcomings of many of these studies relates to the lack of reporting of differentiated clinical outcomes in a heterogeneous patient population. 2, 8, 9, 22, 25, 29, 35, 37, 42, 43, 47, [54] [55] [56] 58, 59 In contrast to isthmic or degenerative spondylolisthesis, the criteria by which patients are diagnosed with degenerative disc disease or discogenic back pain are vague and poorly defined. 61 As a result, heterogeneous patients with variable potential for treatment benefit are lumped together for the purpose of comparing surgical techniques. While diagnostic heterogeneity is less likely to influence perioperative outcomes due to similarities in surgical technique across diagnostic categories, clinical outcome of lumbar fusion is known to be dependent on primary diagnosis, with spondylolisthesis typically associated with the most favorable outcomes.
14 Given the low to very low quality of the existing literature and seemingly small difference between the effect sizes of MIS versus open fusion, the diagnostic heterogeneity of the patient populations intrinsic to each study may represent a bias toward the null hypothesis.
Furthermore, the patient samples in these studies are small, ranging from 10 to 76 patients per treatment arm, and are often limited to nonconsecutive patients from a single institution, treated by a single surgeon. In addition, the decision to conduct open or MIS fusion was not randomized and was often dependent on a change in surgeon techniques, 52 patient symptomatology 59 or diagnosis, 43 patient preference, 9, 13, 21, 22 or payment status. 29, 35 The selection bias introduced through failure to randomize patients introduces the probability that observed clinical differences in treatment groups are due to temporal shifts in outcomes, systematic differences in patient care, severity of disease, and/or patient expectations.
It may also be the case that differences between the cohorts for variables associated with increased complication rates or reasons to choose open versus minimally invasive surgery may have contributed to the differences observed in this meta-analysis. Medical comorbidities, 44 increased body mass index, 6, 18 and revision surgery 39 have all been associated with increased surgical and medical complications in patients undergoing spine surgery, with minimally invasive spinal fusion being increasingly applied in these high-risk patients. 19, 34, 45 Although we were unable to examine for differences due to lack of reporting of specific predictor variables in the majority of studies, we do not believe it likely that this would have significantly influenced our results. Articles that did report other demographic variables failed to show a statistically significant difference between open and MIS patients with respect to medical comorbidities, 2, 8, 42 In addition, a lack of clear diagnostic criteria for complications and the typically retrospective collection of adverse event data in those studies included in our metaanalysis of complication rates is likely to have biased our study results. 28, 40, 48 Finally, although the combined sample size of this meta-analysis far surpasses any of the individual included studies, an a priori power calculation was not performed given the number of outcomes examined and the uncertainty of the between-study variance. 53 Therefore, it remains possible that the number of nonsignificant comparisons between the open and MIS cohorts was due to insufficient power of our meta-analysis to detect a difference if one existed. 
